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FOREWORD

This document is a mechine translation of Russian
text vhich has been processed by the AN/GSQ-16(XW-2)
Machine Translator, owned and operated by the United
Gtates Air Force. The machine output has been fully
posteedited. Ambiguity of meaning, vords missing from
the machine's dictionary, and words out of the context
of meaning have been corrected. The sentence word
order has been rearranged for readability due- to the
fact that Ruseian sentence structure does not follow
the English subject~verb-predicate sentence structure.
The fact of translation does not guarantee editorial
accuracy, nor does it indicate USAF approval or dis-

approval of the materisl translated.
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\\\7JResu1t5‘are pregsented of investigation of the
influence of rarefactiocn of supersonic flow on
the magnitude of total pressure, measured by a

probe of total pressure with a hin wall and a
small exterior angle of slant C =

tlonal region of the flow regim the range
of change of criteria 0.2 { M//Re€x K 2.00 and
.3 ¢ ML 6.5,

It is possible to com.uct experimental investigation of flow of

rarefied gases at supersonic speeds using for measurement of main
gas-dynamic parameters {total pressure Pg, number M and static pres-
sure Pg. in the flow) prohz2s of totel pressure (Pitot tubes), which
are widely applied in invegtigations of supersonic¢ gas flows in the
I"'egime of: ‘COntinuum. However, when the measurling probe of total
pressure 1s used for investigation of sufficlently low flow densit&
so that the number Reg,, defined by parameters of undisturbed flow
and by the diameter of probe d, becomes less than 200, then the

viscosity and other effects connected with rarefaction of the medium

start to affect the prccess of flow past the probe an becomes

F 4
d P°meas




different than the calculated value PsId connected with parameteis
of undisturbed flow P . and M by the formula of Rayleigh, This

phenomenon was studled {mainly experimentally) by a pumber of authors

Pomeas
[123] who obtained the dependence of the deviation ———— on the

Po
ID
number Red, which allows us to introduce corrections to the readlngs

of .the probe for determination of parameters of undisturbed flow
by-the formula of Rayleigh. In connection with the fact that total
pressure measured by the probe of total pressure in supersonic flow
is determined by the structure of flow wfth flow past 1ts nose parv,
the influence of rarefaction of the medium starts to be evident when
the thickness of the shock wave becomes commensurable with 1ts
separation from the nose part of the probe and with the boundary layer,
as .a result of which 1t 1s impossible to consider the Jump as a break
accurately satisfying the relationship of Hugoniot. According to the
classification of reference [4], the latter takes place in regimes

of mixed and transitional layers, so that for the criterion of

rarefdction of the medium can be taken the relation

R

It 1s necessary to note that experimental data presented in
references [1-3] show the essential dependence of the readings of
the probe on the number Red and the form of 1its nose part; however,
they do not allow us to establish the 1nf1uence of number M; of the
incident flow (because of the extremely narrow range of change of M;).

Considering the essentlial dependence cf the intensity of the shock
. wave on the number M;, and also the experimental data of other authors

for the study of pressure on the surface of blunt bodies in supersonic
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rarefied flows [5], one should expect that the number M, has to affect
the readings of probes of total pressure when Red = const,

In connectlon with the fact that probes of total pressure are
designed for study of the field of flow in nozzles and Jjets, the
question about the possible influence of the geometry of the probe
(mainly its diameter) on the measured profile of total pressure in an
axlally symmetric nozzle was investigated. The latter became espe-
cially urgent because by a number of authors was noted the appearance
of ®collapse" of total pressure near the axis of the nozzle, 1.e.,
displacement of the maximum magnitude of total pressure in the direc-
tion from the axis to the wall. This phenomenon was considerec¢ to be
a result of the influence of the measuring probe on the profille PS at
sufficiently large dlameter d (d > 0.2595).

For carrying out of investligations we used the vacuum gas-dynamic
installatlion, allowing us to obtain a stationary rarefied flow of
air at supersonic speeds (M; = 4.3 to 6.5) and low static pressures
(P; = -20 to 6 microns of mercury). The diagram of the installation
is shown in Fig., 1. The main elements of the installatlion are:
vacuum chamber with pumping system, mixing chamber with preheater,
and supersonic nozzle. During the operation of the installa.ion the
previously dried air proceeds through the regulator of consumption
into the mixing chamber, where heating to a definite temperature
Too 1s possible, ensuring the absence of condensation during adiabatic
expansion of the air in the nozzle and in the vacuum chamber, The
necessary temperature of heating of alr was determined by calculations
by means of the constitugion diagram fcr the given nozzle at the
given parameters Pgo, Pv and Psec’ where Ppo 18 the pressure in the

mixing chamber, Pv is the pressure in the vacuum chamber, Psec is




the pressure on the nozzle section. For cbtaining of supersonic flo
in vacuun chamber were used axisymmetric conical nozzles designed fo
numbers M_, . = 4,3 to 5.5 (taking into account the possible build-up
of a boundary layer) with further growth of M; to 6.5 by broadening
of the stream in the vacuum chamber. The geometric dimensions of

nozzles and parameters of flow on the section and in the mixing
chamber are presented in Table 1.

0
) ¢ '_WL
_ 15
Fig. 1. Diagram of vacuum aerodynamic
installation:

1) accumulator; 2) mixing chamber; 3) pre-
heater; 4) nozzle; 5) vacuum chamber;

63 retrigerator; 7) probes of total pressure;
8) oil pressure gage; 9) manometric lamps;
10) diagram of probe of total pressure,

d = 0.65 to 15.2 mm, d,/d = 0.85 to 0.9.

TABLE 1

The Geometric Dimensions of Conical Nozzles
and Parameters of Flow on the Nozzle Section

and in the Mixing Chamber (x =

1.405).
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Key: (a) Diameter of section mm, (b) Length of supersonic part of noz-
zle; (c) Calculated number M on section; (d) Parameters of adlabatir

decelerated flow; (e) Static pressure on section micrmns of mersy

(f) Measured number M on section; (g) L{mm); (h) Sge

mm of mercury.
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For preliminary calculation of the boundary layer and parameters
of flow on the section of the axially symmetric nozzle was used an
integral relationship of Karman analogous to the methodology of
reference [6]. Check of the calculated data was carried out by the
results of measurements of statlc pressures along the wall of the
nozzle Pgt, pressure in mixing chamber Pce, and also the total
pressure Py, measured by a probe of total pressure (at Reg 2 300)
along the axis of the nozzle and in certain sections near the section.
Measurement of pressures in range 102 — 6 +10 ! mm Hg was done by
manometric lamps [9]. Pressures in the mixin~< chamber were measured
by an o0ill manometer,

Results of experimental investigation of parameters of flow of
rarefied ailr during expiration from nozzles are presented in Fig., 2
and in Table 1, In Flg. 2 are represented calculated values of
number M in the central point of the section of nozzle No. 2, obtained
by the formula of Rayleigh and by the formula of isentropic expansion
~_th the use of experimental data Pgt, PS, depending upon the pressure
in the mixing chamber. As can be seen from this graph, the calculated
values of number M, obtained by two formulas, coincide only at certain
values Pz (for a given nozzle P°°opt = 6 to 10 mm Hg). Consequently,
only for the gilven values ¢f initial pressure on entrance into the
qozile of the given geometry 1is possible the existence on the nozzle
szetion of the isentropic flow core., At pressures in the mixing
chamber, less than P°°opt’ the influence of viscosity extends to the
entire field of flow near the nozzle section, but at Pgo > P°°opt on
the nozzle section is possible the appearance of a system of oblique

compression shocks that leads to disturbance of the isentropic flow

core,
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Fig, 2., Calculated values of number M

in the central polnt of sectlion of nozzle
at different values of pressure Po (mm Hg)
in mixing chamber (nozzle No. 2)¢

P, P ‘
t-M-f.(—}): z-m-;,(‘ff)

From the presented data 1t follows that extent of the i1sentropic
uniform flow core 1s sufficient for linvestigatlon of flow past the
probe of diameter d 15mm. Analogous investigations, carried out for
other nozzles, allowed us to determine the optimuh range of Poo and
the extent of the isentropic uniform flow core.

Investiéations were conducted in the regime of 1nsiénificant
underexpansion, so that the static pressure on fthe nozzle section was
more somewhat higher than the pressure in the vacuum chamber that was
attalned by continuous exhaust of air from the vacuum chamber wifh
. the help of a group of vacuum pumps, ensuring the stationary operating
qohhitiqns of the installation. In Investigations was used a series *
"~ of geometrically similar probes with a thin wall and angle of slant
q = 5°, with apertures of different diameter, and the ratio of the
q1amgter of aperture di to the external diameter d of the probe was
kept approximately equal %0 0.85 with accuracy of +5%. The investi-

gated probes with the heilp of a speclal moblle coordinate mechanism

could be moved to different points of the flow with accuracy up to
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0.2 mm, Conductance of the system of tubes, connecting the probes

in order with one and the same vacuum data unit, allowed us to produce
measurements of pressure with a time delay not greater than 3 min for
the lowest pressures. For explanation of the influence of the dlam-
eter of the probe (number Red) on the measured magnitude of total
pressure, probes of different diameter were placed consecutively in
one and the same point of stationary supersonic flow, For determina-
tion of the influence of number M on the measured magnitude of total
pressure for a glven probe, was .produced a variation of parameters

of the undisturbed flow by three methods: change of geometry of the
nozzle; change of initial parameters of flow before the nozzle; and
movement of one and the same probe along the axis of the isentropic

flow core, _ a 5 = : - .
¢ < o3
t A s
N N -
0 Salle * -]
ol T

2 4 680 W WeN0T 00 Wk,

Pémeas
Fig, 3. Dependence of ratio—-——Pg——- = A
Id
on the number Red at diff: -ent numbers M;:

1) My = 4.4 to 4.6; 2) 5,5 to 5.7; 3) 6.3
t% 6f5; 4) 1,82 to 1.%9J[3]; 5? 1.23)[3].

TABLE 2

Magnitudes of Measured Total Pressure by Tubes
of Total Pressure with Different Diameter d.

(a)mp"‘"?"' ( &) Py, akpr. et
M ‘rﬁ’\}‘” d=15,2 xx | 10,2 Mx 5.2 mx 2,15xm | 1,15 440,65 xx

4,80 | 2.5 445 —_ 435 440 480 520
4,91 |' 2,2 410 - 387 405 460 490
5,04 | 25,5 - 370 - 360 385 435 470
5,10 | 24,6 350 - 340 365 — 457
553 | 24,4 267 272 273 285 335 348
5621 23,5 253 253 255 275 315 330
5671 23,5 240 22 U7 260 303 318
583 | 22,0 240

- 220 210 222 0 20

KEY: (a) Parameters of flow; (b) P';, microns of mercury;
(c) per 1 mm,




Certain experimental data, represented in Table 2 in the form o
dependence of total pressure on the diameter of the probe, show that
the influence of the diameter of the probe on i1ts reading (in
investigated range of varlation of parameters of flow) starts to be
evident for diameters of probes, smaller than 2 mm, abruptly increas-
ing at d < 1 mm. Processing of obtalned experimental data for all

Pg
investigated regimes and nozzles in the form of dependence of —eas

P514
on Reg for different numbers Mg (number M; was taken as a parameter)

is shown in Fig. 3.

Besldes measurements of total pressure along the axis of the
nozzle, was conducted an investigation of the fleld of flow on the
nozzle section by the very same probes at different initial pressures

before the nozzle, Results of measurements, presented in Fig. 4,

show the strong influence of the diameter of the probe on the magni-
tude of its reading; however‘the dilameter of the probe does not affect
the character of the measured profile of total pressure on the nozzle
sectlon, which is determined only by the regime of expiration: the
initial pressure and temperature in the mixing chamber,
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Fig. 4. Profiles of total
pressure on the nozzle section
No. 1 (along axis measured by
| : probes of total pressure of differ-
2 ], S ent diameter for two flow regimes

(."‘

I. =8 mm Kg: 1) d = 5,2
1111 mns 22 15; 3) Lasi'h) 0,8;
. . T.Poo = 4 mm Hg: 55 d = 5.2 mm;
6) 2.15; 7) "0.65.
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The carrled out investigations aliowed us Yo establish the main
regularities of the influence of rarefaction of supersonic flow on
the deviation of total pressure, measured by a probe of full pressure,
from value obtained by the formula of Rayleigh {for ideal compressible
fluid) for the given number M,;. Criterlal processing of experi-
mental data, shown in Fig. 3, shows that the reading of a probe of
full pressure, besides Rey, 1s essentially influenced by number M;;
and for the constant number Rey the more strongly the measured votal
pressure differs from the corresponding ideal value, the bigger the
number M; of undisturbed flow, In connection with,this the obtalned
experimental data were represented in the form of dependence on he
criterion of rarefaction of the medium of E;-‘l (Fig. 5). It turned
out that with such selection of the determining parameter, the experi-
mental data satisfactorily lie on one and the same curve,

It 1s necessary to note that the data presented in work [3] for an
analogous probe satisfactorlily agree with the obtained results (Fig.
5). The established experimental dependence can be considered as a
calibration curve for probes of total pressure of the given configura-
tion, which gives us the possibility to investigate the structure and
parameters of rarefied supersonic flow corresponding to the investi-
gated range Reg/M.

‘ The qualitative character of the obtained dependence 1s deter-
mined by the actlon of two processes: 1) increase of influence of
viscosivy on the flow near the surface of the blunt body (nose part
of the probe) leading, according to theoretical investigation [8], to
a decrease of the total pressure of near the stagnation point; 2) a

change of structure of the shock wave with increase of rarefaction,

accompanied by a decrease of nonreversible losses during transition
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through the shock front, and consequently, increase of pressure at
the stagnation point [4]. According to obtained experimental result
the first process is determining for sufficiently large numbers Red
~ 30 to 50, corresponding to the regime near'to'slipping; upon decre
of Req 1n the shown range of numbers Ml\the main influence appears
to be the second process, and at Red ~ 1 to 4 the magnitude of tctal
pressure approaches the maximum possible magnitude; zorresponding

to the molecular regime of flow during the absence of a shock wave [T]
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on the criterion of rarefaction of the
medium:

1) M = 6.0 to 6.5; 2) 5.5 to 5.9; 3) 5.0
to 5.4; 4) 4,3 to 4.9; 5) 1.23 to 1.99,

Fig. 5. Dependence of ratio = A

- Investigated probes were used for measurement of the profile of
total pressure on the nozzle section, and the ratio of the diameter
of the probe éo the thickness of the boundary layer changed in a wide
range from 0.04 to 0,32,

The experimental data in Fig. 3 show that vhe profile of total
pressure on the nozzle sectlon does not in practice depend on the

diameter of the probe, Consequently, the appearance of a "dip" of

total pressure near the axis of the nozzle is not connected with

Lo
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. geometric relationships of the dlameter of probe and the thickness

- of the boundary layer, but depends on the flow regime., It is

- characteristic that the decrease of initial pressure Poo for a given

; nozzle, i.e,, increase of rarefaction of flow, leading to noticeable

widening of the boundary layer and to a decrease of the lsentropic
core, leads to a qualitative change of the profile of total pressure —
the disappearance of the "dip" of total pressure near the nozzle,

The explanaticn advanced by the author [2] of the "dip" of total
pressure near the axis of the nozzle as a result of interaction of

the probe with the boundary layer on the wall of the nozzle at d 3 0.25
6 is refuted by the present investigation.

Comparison of the measured static pressure on the wall of the
nozzle with the calculated value on the axls of the nozzle shows that
the appearance of a "dip" of total pressure near the axis of the nozzle
1s connected with the incalculability of the regime of explilration from
the nozzle, 1.,e., with the appearance of obligue compression shocks in

the regime of insignificant overexpansion,

Designations

P — stdtic pressure; M — Mach number; Re — Reynolds number;
Pé — stagnation pressure behind the normal shock in supersonic flow;
A — length of free path of molecules in free flow; & — thickness of
boundary layer; d — diameter of probe; A — separation of shcck wave
from the nose part of the probe; 1 — corresponds to the parameters in
free flow; 2 — corresponds to parameters after the shock wave; 00 —

corresponds to parameters in adiabatically braked flow.

11
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Summary
The investigations conducted show that the deviation of readings
of impact-pressure probes in a supersonic rarefied flow from the ideal
value depends not only on Red, as 1s shown in [1, 2], but also on M;.

When the parameter Rey/M is used, the one curve satisfactorlly

correlates all the experimental data.

The relation Pio/Pto = f{Rey/M) obtained may be considered as a
calibration curve when parameters of a rarefied supersonic alr flow
are determined by impact-pressure probes of the given configuration

and also makes it possible to «define the change in a structure of a

normal shock wave,

It 1s established that the probe dlameter in the range investi-
gated (d/6 = 0.04 to 0.32) does not influence the character of an

impact-pressure proflile measured. The appearance of a "dip" in impact

pressure on the Jjet axis 1is a flow property dependent on flow condi-

tions and nozzle geometry.
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